A link between elevated luteinizing hormone (LH) levels, GATA-4 and LH receptor (LHCGR) expression and gonadotropin-dependent adrenocortical tumorigenesis in humans and mice has been shown. To assess the mechanistic tumorigenic interrelationships between these factors, we transgenically expressed Gata4 under the 21-hydroxylase promoter (Cyp21a1, 21-OH) in C57Bl/6N mice. There was a gradual age-dependent increase of GATA-4 expression only in 21-OH-GATA-4 (TG) female adrenals, in association with slowly progressing neoplasia of non-steroidogenic spindle-shaped A cells in the subcapsular cortex. Gonadectomy (GDX), apparently through direct action of elevated serum LH, markedly enhanced the adrenocortical neoplasia, which now also appeared in GDX TG males. The neoplastic areas of the post-GDX TG adrenals contained, besides A cells, larger lipid-laden, steroidogenically active and LHCGRpositive B cells. Prolonged (.10 months) exposure to elevated post-GDX LH levels resulted in formation of adrenocortical adenomas in the TG mice. Intact and GDX TG mouse adrenals displayed elevated FOG-2 and decreased GATA-6 expression. Additionally, increased expression/activation of components of the Inhbb-Acvr2a-Acvr1c-Smad2/3 signaling system was observed in 12-month-old GDX TG adrenals. Our findings show that two distinct GATA-4-dependent populations of neoplastic adrenocortical cells form: non-steroidogenic LH-independent A cells and steroidogenic LH-dependent B cells.
Introduction
Two members of the GATA zinc finger transcription factors family, GATA-4 and GATA-6, are expressed in the murine and human adrenal cortex with distinct developmental profiles (Kiiveri et al., 2002a) . Fetal adrenals express both GATA factors but adults only GATA-6 (Kiiveri et al., 2002b; Kiiveri et al., 2002a) . During adrenocortical tumorigenesis in mice we found re-emergence of abundant GATA-4 expression, whereas GATA-6 was downregulated (Kiiveri et al., 1999) . GATA-6 is functional throughout adrenal development from fetal to adult age, whereas GATA-4, with a similar expression pattern with CYP17a1, may serve a role only in the fetal adrenal gene regulation, but is not essential for subsequent adrenocortical differentiation (Keeney et al., 1995; Kiiveri et al., 2002a) . Transcriptional activity of the GATA family members is regulated by FOG-2 (Friend of GATA-2), encoded by the Zpfm2 gene (also known as Fog2), which interacts with their N-terminal zinc finger and is highly co-expressed with GATA factors in the heart and gonads (Robert et al., 2002) . Depending on the cellular context, FOG-2 may act either as a transcriptional repressor or activator for the GATA factors (Lu et al., 1999) .
In previous studies, we showed an apparent positive and reciprocal feed-forward amplification link between GATA-4 and luteinizing hormone/human chorionic gonadotropin receptor (LHCGR/LHR) expression during adrenocortical tumorigenesis in humans and mice (Kananen et al., 1996; Bielinska et al., 2003; Rahman et al., 2004) . However, it remains unknown how GATA-4 and LHCGR convene their activities in this process. In humans, LHCGR is expressed in zona reticularis and inner zona fasciculata of the adrenal cortex (Pabon et al., 1996) . Wild-type (WT) murine adrenal glands do not express detectable levels of LHCGR, whereas exceptional conditions such as chronically elevated serum LH levels (e.g. GDX) can induce its expression (Rilianawati et al., 1998; Kero et al., 2000; Rahman et al., 2004) . Aberrant LHCGR expression in the adrenal cortex has been reported in women with transient Cushing syndrome during pregnancy and persistent Cushing syndrome after menopause, both associated with elevated serum levels of hCG or LH (Guilhaume et al., 1992; Pabon et al., 1996; Lacroix et al., 1999; Mijnhout et al., 2004) . Abundant LHCGR expression at protein and/or mRNA levels has also been found in human adrenocortical hyperplasia, adenomas, carcinomas and macronodular adrenal hyperplasia (Bugalho et al., 2000; Miyamura et al., 2002; Wy et al., 2002; Feelders et al., 2003; Goodarzi et al., 2003; Miyamura et al., 2003; Dall'Asta et al., 2004) .
In murine models for adrenocortical tumorigenesis, neoplasms may develop in response to chronically elevated serum LH, caused either by GDX, or stimulation from xenografted gonadotropin secreting tumor cells (Risma et al., 1995; Bielinska et al., 2003; Bielinska et al., 2005) . DBA/2J, C3H and CE mouse strains have been found to be genetically susceptible to develop gonadotropin-dependent adrenocortical hyperplasia or tumors, whereas such responses do not occur in non-susceptible C57BL/6 or FVB/N mice (Bielinska et al., 2003; Vuorenoja et al., 2007; Bernichtein et al., 2008) . DBA/2J and C3H adrenocortical tumors are composed of spindle-shaped A cells that proliferate in the subcapsular region (Hofmann et al., 1960; Murthy et al., 1970) , and steroidogenically active lipidladen B cells that appear later within patches of A cells in adrenal cortex (Rosner et al., 1966) . In several transgenic models of adrenocortical tumorigenesis, such as inhibin alpha-subunit promoter/simian virus 40 T-antigen (inha/Tag) mice, or inhibin a knockout mice (inha2/2), one of the driving forces for tumorigenesis seems to be the elevated serum LH (Risma et al., 1995; Kero et al., 2000; Mikola et al., 2003; Looyenga et al., 2004) . In inha/Tag mice, GATA-4 and LHCGR appeared simultaneously at 3 months post-GDX along with the adrenocortical tumorigenesis, suggesting them as potential biomarkers for these neoplasms (Bielinska et al., 2003; Rahman et al., 2004; Bielinska et al., 2005) . It has also been suggested that both GATA-4 and LH could be important factors in inducing stem cell transformation to tumor cells (Bielinska et al., 2003; Mitani et al., 2003) .
In the present study, we transgenically expressed GATA-4 in C57Bl/6N mouse adrenals using the 21-hydroxylase (Cyp21a1, also known as 21-OH) promoter. GDX-induced adrenal tumorigenesis was further studied in this genetically nonsusceptible mouse strain. Our goal was to identify the molecular mechanisms underlying the consequences of ectopic GATA-4 expression on putative adrenocortical neoplasia formation and its relationship to elevated LH concentration.
Results
Expression of GATA-4 in adrenals of the 21-OH-GATA-4 TG mice Expression of the 21-OH-Gata4 transgene in TG adrenals was found only in intact and GDX TG adrenals by RT-PCR at mRNA level (Fig. 1A) . Additionally, endogenous Gata4 was shown in TG adrenals and at very low levels in WT adrenals (Fig. 1A) . Immunohistochemical staining of anti-DsRed (type of RFP) at protein level (Fig. 1B-E) showed DsRed localization to cytoplasma of zona glomerulosa cells (Fig. 1B) , and two different types of neoplastic cells of intact (A cells) and GDX (A and B cells) TG adrenals (Fig. 1C,D) but never in WT adrenals (Fig. 1E) .
GATA-4 expression was analyzed by qPCR, Western blot and immunohistochemistry in adrenals of intact (2-, 4-and 6-months old) and GDX (6-and 12-months old) WT and 21-OH-GATA-4 TG female and males. As there were no differences between ages of 2-6 months in GATA-4, GATA-6, FOG-2 and LHCGR expression, adrenal weights or histology in intact WT mice (data not shown), we used only 6-month-old animals as controls. The minimum time after prepubertal GDX for the appearance of adrenal LHCGR expression in WT mice has been found to be 5 months (6 months of age) (Kero et al., 2000; Bernichtein et al., 2008) . We therefore analyzed the post-GDX WT and TG mice at 6 and 12 months of age. Total GATA-4 mRNA and protein levels in the TG adrenals were significantly higher than in WT adrenals where GATA-4 expression was negligible (intact WT), low (GDX WT) (mRNA; Fig. 1F ) or non-detectable (protein; Fig. 1G ). Total GATA-4 mRNA and protein levels of 6-monthold TG mouse adrenals were significantly higher in females than males. GATA-4 protein expression was significantly upregulated in 6-month-old TG females, compared with 2-month-old mice (Fig. 1G ). There were no significant differences of total GATA-4 at mRNA and protein levels between the different age groups of TG males (Fig. 1F,G) . Total GATA-4 mRNA and protein levels were significantly higher in 6-and 12-month-old GDX TG mice than in age-matched control WT littermates (Fig. 1F,G) .
In 2-and 4-month-old TG adrenals, single or small patches of nuclear stained GATA-4-positive cells were found mainly in the subcapsular region of zona glomerulosa (Fig. 1I,J) . At 6 months, GATA-4-positive cell clusters co-localized with histopathological neoplastic changes observed in the peripheral region of the female but not in male adrenal cortex (Fig. 1K ). GDX amplified GATA-4 expression in adrenals of females and males and enhanced the presence of neoplastic cells with nuclear GATA-4 staining (Fig. 1M,O) . In WT controls, only 12-month-old GDX WT females displayed GATA-4-positive cells in subcapsular region of the adrenal cortex (Fig. 1L,N) .
Ectopic GATA-4 expression participates in the induction of adrenocortical neoplasia
We analyzed total body and adrenal weights and histopathology (HE staining) of 2-(n516/8; weight/histology), 4-(n516/8) and 6-month-old (n516/8) intact and 6-and 12-month-old GDX TG mice (n58/8 each) of both sexes. No significant differences in total body weights were observed between WT and TG mice (supplementary material Fig. S1A-C) . Only 12-month-old GDX TG females and males had significantly higher adrenal weights compared with GDX WT mice ( Fig. 2A,B) . Intact WT and TG female adrenals showed age-dependent weight gain that became significant at the age of 6 months compared to 2 months ( Fig. 2A) . Adrenals of 4-and 6-month-old intact and GDX TG females were significantly heavier than in age-matched males (Fig. 2C) .
No histopathological differences were observed in between adrenals of 2-and 4-month-old TG females and males (supplementary material Fig. S2A-D) , compared with WT mice (Fig. 2D,E) . Accumulation of intensively dark-stained A cells with spindle-shaped cell nuclei, originating from the subcapsular cortex, was observed at 6 months in intact TG females (Fig. 2F ), but not in TG males (Fig. 2G ) or age-matched WT littermates (Fig. 2D,E) . A larger number of foci of A cells was observed in older ($12 months) intact TG females, but not in TG males (supplementary material Fig. S2E-F) . TG males developed adrenocortical neoplasia only after GDX (Fig. 2I) . In GDX TG females, neoplasia appeared at around 4 months and became more marked by the age of 6 months (Fig. 2H) . Both 6-monthold GDX TG female and male adrenals displayed areas of spindle-shaped A cells ( Fig. 2H,I ; yellow arrowheads), as well as single large, lipid-laden B cells (green arrowheads), also found in the subcapsular region between A cells, that were not observed in intact TG adrenals (Fig. 2F,G) . Moreover, individual A cells invaded the cortex from the subcapsular area and towards the zona fasciculata/reticularis region. Adrenocortical adenomas were observed in TG females and males 11 months post-GDX (12-month-old) (Fig. 2J,K) . Rarely, small foci of A cells, but never B cells, were observed in 12-month-old intact (supplementary material Fig. S2G ,H) and GDX WT females (Fig. 2L,M) .
Immunohistochemistry of proliferation marker Ki-67 was used to monitor neoplastic progression (supplementary material Fig.  S3A-G) . Intact and GDX 6-month-old WT and TG mice showed similar distribution of occasionally proliferating cells throughout the adrenal cortex. The number of proliferating cells was only significantly increased in GDX 12-month-old TG female and male adrenals (supplementary material Fig. S3A ,F,G).
GATA-4 is involved in the regulation of GATA-6 and FOG-2 expression
We next analyzed the effects of ectopically expressed GATA-4 on spatiotemporal expression of GATA-6 and FOG-2. GATA-6 at both mRNA and protein levels was significantly downregulated in intact and 6-month-old GDX TG mice of both sexes as compared with WT mice (Fig. 3A,B) . Downregulated GATA-6 expression became normalized at 11 months post-GDX (Fig. 3A,B) . The GATA-4-positive A cells (Fig. 1H-O) found in serial sections of intact and GDX TG adrenals were GATA-6 negative ( Fig. 3F ,H,J), while B cells observed only after GDX were GATA-6 positive ( Fig. 3H-J) .
High FOG-2 expression was found in intact and GDX TG adrenals, in contrast to traceable mRNA and non-detectable protein levels in WT mice (Fig. 4A,B) . GDX significantly increased FOG-2 expression at 6 and 12 months in TG mice (Fig. 4A,B) . There was an increase of FOG-2 expression at 6 months in intact TG female adrenals compared with at 2 months (Fig. 4B ). FOG-2 was localized in neoplastic A and B cells of the intact (Fig. 4D-F) and GDX (Fig. 4H ,J) TG, but not in WT adrenals (Fig. 4C,G,I ). (A-C) Total adrenal weights (mean6s.e.m.) of WT and TG female and male mice (n516, 12 and 8 for the TG, WT and GDX groups, respectively). Different letters above the bars indicate significant differences between groups (small letters and white bars for females, capitals and black bars for males). Asterisks indicate differences between designated groups (*P,0.05; **P,0.01). ND, non-detectable; TG; transgenic 21-OH-GATA-4 mice; GDX, gonadectomy/gonadectomized; WT, wild type. (D-M) Histopathology of intact 6-month-old TG female (F), male (G) and control littermate (D,E) adrenals. In adrenal cortex of 6-month-old TG females, intensively stained spindleshaped (A-type, yellow arrowheads) neoplastic cells originating from the subcapsular region are seen (F). Both 6-month-old GDX TG females (H) and males (I) developed multiple hyperplastic foci of invasive A cells by the age of 6 months (small with spindle-shaped nucleus; yellow arrowheads) and large single B cells (larger, with pale cytoplasm; green arrowheads). Post-GDX adenomas were induced in 12-month-old TG adrenals (J,K) that were not observed in control littermates (L,M).
GATA-4 regulates activin B signaling in GDX 21-OH-GATA-4 murine adrenals
GATA-4 has been demonstrated to selectively upregulate the transcription of the inhibin/activin b-B subunit gene, but not that of a-subunit (Feng et al., 2000) , and to be sufficient to activate gonadotropin independent expression of ovary-specific genes in the mouse Y1 adrenocortical cell line (Looyenga and Hammer, 2006) . To check the influence of ectopic GATA-4 expression on inhibin/activin signaling, we analyzed Inha, Inhab, Inhbb and the activin transmembrane serine/threonine kinase receptors Acvr1, Acvr1b, Acvr1c, Acvr2a, Acvr2, as well as the two downstream signaling genes Smad2 and Smad,3 at mRNA levels in the adrenals of intact and GDX WT and TG mice. Inha expression was similar in TG and WT adrenals (Fig. 5A) . A significant increase of Inhbb expression was observed in 6-(females) and 12-month-old (females and males) GDX TG adrenals compared to WT GDX control-littermates (Fig. 5B) . Expression of activin type I receptor Acvr1c (Fig. 5C ), type II receptor Acvr2a (Fig. 5D ), Smad2 and Smad3 (Fig. 5E ,F) was significantly higher in TG adrenals at 11 months post-GDX compared to any other group. Expression of Inhab was higher only in 6-month-old WT male adrenals in comparison with age-matched TG animals (supplementary material Fig. S4A ). In turn, the expression of Acvr1 was elevated in 6-month-old TG females (supplementary material Fig. S4B ). Both, female and male 6-month-old WT adrenals displayed higher expression of Acvr1b than age-matched TG adrenals (supplementary material Fig. S4C ). There were no statistically significant differences in Acvr2b expression among the groups (supplementary material Fig. S4D ).
Steroidogenic profile of the 21-OH-GATA-4 adrenals
We characterized the steroidogenic profile of the intact and GDX TG adrenals by immunohistochemical localization of StAR, SF-1, DAX-1, CYP21A1a, CYP11A1a, CYP11B2, CYP17A1 and CYP19A markers (Table 1) . Within the neoplastic areas, B cells expressed all analyzed proteins (except for CYP11B2 and CYP21A1a) (mostly at 11 months post-GDX), but none was expressed in A cells (Table 1; Western blot of GATA-6 protein in 2-, 4-and 6-month-old intact and 6-and 12-month-old GDX TG and WT mice. The upper panels show representative western blots of GATA-6 and b-actin. Murine WT testis (TE) was used as a positive control. The lower panels show densitometric quantification of the bands. Each bar represents the mean6s.e.m. (n55) relative to b-actin. Different letters above the bars indicate significant differences between groups (small letters and white bars for females, capitals and black bars for males). ND, non-detectable; TG, transgenic 21-OH-GATA-4 mice; F, females; M, males; GDX, gonadectomy/gonadectomized; WT, wild type; TE, testis. (C-J) Immunohistochemistry of GATA-6 in adrenal glands of 2-, 4-and 6-month-old intact TG and WT females (C-F), and in 6-or 12-month-old GDX TG and WT females (G-J). Clear lack of nuclear immunoreactivity for GATA-6 was observed in neoplastic A cells (yellow arrowheads) of intact (F) and GDX (H,J) TG adrenals in comparison with normal adrenocortical cells (C,D; red arrowheads). In 6-and 12-month-old GDX TG female adrenals, expression of GATA-6 was observed, throughout the histologically normal adrenal cortex and in B cells (F,J; green arrowheads).
CYP21A1a were expressed only in the cytoplasm of zona glomerulosa cells (Table 1 ; supplementary material Fig. S5B ). Gonad-specific CYP17A1 and CYP19A1 were found in the adrenal cortex of both TG females and males only after GDX (Table 1 ; supplementary material Fig. S5B ). Intact 6-month-old males did not differ from WT males in the adrenal distribution of steroidogenic markers. For StAR, SF-1, DAX-1, CYP11A1a, CYP11B2 and CYP21A1a localization there were no differences between normal adrenocortical areas of TG and intact and GDX WT mice at any age studied. The small foci of A cells in 12-month GDX WT females remained steroidogenically inactive (Table 1 ; supplementary material Fig. S5A,B) .
We did not find any evidence of functionally significant sex steroid production by the neoplastic adrenocortical tissue. There were no significant differences between GDX WT and TG female uterine weights (9.261.8 mg versus 9.761.5 mg, respectively; intact WT uterus 2 10769,2 mg) or in their uterine macroscopic morphology (supplementary material Fig. S6 ) and histology (data not shown).
Ectopic LHCGR expression in 21-OH-GATA-4 murine adrenals
The concomitant appearance of GATA-4 and LHCGR in adrenal tumors have been previously reported (Rahman et al., 2004) . As the WT C57Bl/6 mouse adrenals has no detectable LHCGR (Kananen et al., 1996; Rahman et al., 2004; Bernichtein et al., 2008) , we wanted to study further whether the ectopic GATA-4 expression could be associated with the appearance of LHCGR in the adrenal cortex. In line with our former report (Bernichtein et al., 2008) , where GDX induced LHCGR expression in the adrenal cortex of WT mice, we also observed upregulated LHCGR expression in GDX WT and TG mice at 6 and 12 months compared with intact WT and TG animals ( Fig. 6A ) (a trace amount at mRNA levels, but non-detectable at protein level). However, only 12-month-old GDX TG females and males displayed significantly higher Lhcgr expression in comparison with GDX age-related control WT littermates; this level of Lhcgr expression was comparable to those observed in WT murine ovary and testis (Fig. 6A) .
We did not observe any LHCGR staining in WT and intact TG adrenals (Fig. 6B,C) but the GDX TG animals expressed LHCGR in normal cortex (as WT GDX adrenals) and in B cells, but not the A cells (Fig. 6D,E) . WT ovary used as a positive control displayed specific staining for LHCGR in the follicles, theca cells and corpora lutea (Fig. 6F) . LHCGR knockout (LuRKO) (Zhang et al., 2001 ) ovary used as negative control showed no immunoreaction for LHCGR (Fig. 6G) . Additionally, we checked whether the neoplastic cells were cAMP responsive by the immunolocalization of activated Protein Kinase A R2 (PKA R2) phosphorylated on serine 96 and cAMP response element-binding (CREB) phosporylated on serine 133. Both PKA R2 (detected as strong brown rings around cell nuclei) and CREB (nuclear staining) in morphologically altered areas of the adrenal cortex were found only in B cells of 12-month-old GDX TG adrenals (Fig. 6H,I ).
In order to detect a putative link between elevated serum LH and adrenocortical hyperplasia in TG mice, we also measured serum LH levels. There was no significant difference in serum LH levels between TG females, males and the age-matched (E) and Smad3 (F) mRNA expression in adrenal glands of intact (6-month-old) and GDX (6-and 12-month-old) TG and WT mice. Each bar represents the mean6s.e.m. relative to Ppia expression (n55 per group). Asterisks indicate differences between age-matched WT and TG mice (*P,0.05; ***P,0.001). TG, transgenic 21-OH-GATA-4 mice; GDX, gonadectomized; WT, wild type. 
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control WT littermates at any age (Fig. 6J,K) . Both WT and TG females at 6 mo had significantly higher serum LH levels than at 2 and 4 mo. As expected, serum LH levels in all GDX animals were significantly higher than in the non-GDX controls.
Discussion
The phenotype of the 21-OH-GATA-4 mice was a consequence of ectopic GATA-4 expression, in contrast to earlier studies of murine models for adrenocortical tumorigenesis (Vuorenoja et al., 2007) , where GATA-4 was used only as a marker of the neoplastic transformation. In TG adrenals, GATA-4-positive cells were observed in the subcapsular region, owing to promoter activity in zona glomerulosa cells (Forest, 2004) . However, in contrast to Morley et al., we did not observe transgene expression under Cyp21a1 promoter in zona fasciculata and reticularis (Morley et al., 1996a) . Interestingly, we also found that endogenous Gata4 expression was activated during adrenocortical neoplasia in 21-OH-GATA-4 mice. Considering (1) transgene localization, (2) the lack of GATA-4 expression in normal zona glomerulosa cells, (3) the absence of CYP21A1a-positive neoplastic cells and (4) the very low number of GATA-4-positive neoplastic cells in TG adrenals before the age of 4 mo, we suggest that the neoplastic cells were derived from the sparse subcapsular stem/progenitor cells (differentiating into CYP21A1a-positive adrenocortical cells), and not from the normal CYP21A1a-positive zona glomerulosa cells. Most likely, during differentiation of the stem/progenitor cells into CYP21A1a-positive adrenocortical cells in TG adrenals the 21-OH promoter induces transgenic GATA-4 expression that thereafter activates neoplastic transformation of the stem/ (A) qPCR analysis of Lhcgr mRNA expression in adrenal glands of intact (2-, 4-and 6-month-old) and GDX (6-and 12-month-old) TG and WT mice. Each bar represents the mean6s.e.m. relative to Ppia expression (n55 per group). Different letters above the bars indicate significant differences between groups (small letters and white bars for females, capitals and black bars for males). TG, transgenic 21-OH-GATA-4 mice; GDX, gonadectomized, WT, wild type; OV, ovary; TE, testis. (B-I) Immunohistochemistry of LHCGR in adrenal glands of 6-month-old intact and 12-month-old GDX TG females (C,E) and their control littermates (B,D). WT and LuRKO (luteinizing hormone receptor knockout mice) ovaries were used as positive and negative controls, respectively, for the LHCGR antibody (F,G). Adrenal glands of intact TG and WT mice were LHCGR negative (B,C). Positive staining for LHCGR was observed in normal cortex (red arrowheads) and in B cells (green arrowheads) but not in A cells (yellow arrowheads) of GDX WT and TG mice (D,E). LHCGR in WT ovary was localized to granulosa, theca and luteal cells (F, red arrowheads), whereas all structures of the LuRKO ovary were LHCGR negative (G). LHCGR-positive B cells, but not A cells, were PKA R2 (H) and CREB positive (I) in 12-month-old GDX TG adrenals. (J,K) Serum LH concentration in 2-, 4-and 6-month-old intact, and 6-and 12-month-old GDX TG and WT mice. Each bar represents the mean LH concentration (6s.e.m.) of at least eight individuals in each group. progenitor cells (summarized in Fig. 7 ). Stem/progenitor cells have been proposed to be the putative origin of neoplastic differentiation during adrenocortical tumorigenesis (Simon and Hammer, 2012) .
The adrenal glands of intact 6-month-old TG females displayed neoplasia with A cells, while the neoplastic areas of GDX TG animals additionally contained B cells. In light of these observations, it appears that ectopic GATA-4 expression and elevated gonadotropin levels (especially LH) could provide a microenvironment in the adrenal gland that favours the transformation of stem/progenitor cells (differentiating into CYP21-positive adrenocortical cells) into B cells. Recently, GATA-4 was shown to be a key modifier of GDX-induced adrenocortical neoplasia, post-ovariectomy obesity, and sex steroidogenic cell differentiation in DBA/2J genetic background mice (Krachulec et al., 2012) . In this study, they also showed that mutations in Gata4 inhibited GDX-induced adrenocortical tumorigenesis in DBA/2J mice (Krachulec et al., 2012) . In our study, as GATA-4 expression alone was able to trigger only A cells formation (Fig. 7) , it seems that the absence of B cells in intact TG females could be due to the low serum concentrations of LH and possible presence of other gonadal factors such as inhibin. According to previous reports, post-GDX A cells appear first in the adrenal cortex, and later under prolonged LH stimulation the LHCGR-positive lipid-laden B cells (Rosner et al., 1966; Murthy et al., 1970; Bielinska et al., 2003) . It has been suggested that the process of A and B cell formation represents metaplasia of stem/progenitor cells in the adrenal cortex, which under the influence of unopposed gonadotropins transform into tissue resembling gonadal stroma (Dunn, 1970; Russfield, 1975; Bielinska et al., 2003) . Since chronically elevated LH stimulation drives the expression of its own receptor (LHCGR) (Kero et al., 2000) , and as suggested by other authors, it is likely, that the adrenal stem/progenitor cells exposed to high LH concentration may start to express LHCGR and become LH responsive (Looyenga and Hammer, 2006) . Furthermore, as the LHCGR expressing B cells develop and proliferate, LH could be the key factor maintaining neoplastic cell proliferation and their progression to adenomas in TG mice.
It was suggested that TGFb2 signaling, but not activins, is responsible for the adrenocortical tumorigenesis in Inha2/2 mice (Looyenga et al., 2010) . In normal physiologic conditions, inhibin antagonizes TGFb2 signaling in the adrenal cortex by binding to the betaglycan co-receptor, required for efficient TGFb2 actions (Looyenga et al., 2010; Simon and Hammer, 2012) . In Inha2/2 adrenals, due to the absence of Inha, TGFb2 could induce gonadlike transformation of adrenocortical progenitor cells (Looyenga et al., 2010; Simon and Hammer, 2012) . However, in contrast to Inha2/2 mice, there is a gradual increase of Inha expression in our GDX TG mice, suggesting that other factor(s) than TGFb2 trigger the phenotype. It is likely that the combination of GATA-4 and elevated serum LH levels determine the phenotype of the GDX 21-OH-GATA-4 mice. Our findings suggest that activin B could be the novel additional factor involved in the GATA-4/GDXinduced cellular differentiation in the TG model. In support to this, an earlier in vitro study showed that GATA-4 selectively upregulates activin/inhibin b-B-subunit gene transcription (Feng et al., 2000) . Moreover, activin B has been suggested to play a role in mesoderm induction (Nakamura et al., 1992) , late fetal development and female fecundity (Schmelzer et al., 1990; Schrewe et al., 1994 ) that could explain the fate switch of the stem/progenitor cells towards gonadal lineages. It has also been shown that the combination of ACVR2A and ACVR1C receptors is specifically utilized by activin B, eventually activin AB, but not by activin A (Tsuchida et al., 2004; Tsuchida et al., 2009 ). Finally, elevated Smad2 and/or Smad3 expression is associated with adrenocortical (Looyenga and Hammer, 2007) and gonadal (Li et al., 2007) tumorigenesis. Further studies are still needed to establish the details of the Inhbb-Acvr2a-Acvr1c-Smad2/3 signaling mechanism in adrenal tumorigenesis. GATA-6, in contrast to GATA-4, is abundantly expressed in fetal and adult murine and human adrenal cortex throughout development (Kiiveri et al., 2002b; Kiiveri et al., 2004) . However, during adrenocortical tumorigenesis in mice, when GATA-4 expression is highly increased, GATA-6 expression is reciprocally suppressed (Kiiveri et al., 2002b; Kiiveri et al., 2004; Vuorenoja et al., 2007) . Additionally, the GATA-4/FOG-2-positive neoplastic areas of A cells (but not B cells) in intact and GDX TG mice were GATA-6 negative. Therefore, the same reciprocity between GATA-4 and GATA-6 expression prevails in TG mice as upon adrenocortical tumorigenesis, when very high GATA-4 expression accompanies low GATA-6 expression (Vuorenoja et al., 2007) . The expression of GATA-4 and GATA-6 in B cells found in the GDX TG adrenals is consistent with previous reports in humans . GATA-6 is highly expressed in aldosterone-and cortisolproducing adenomas and ACTH-independent Cushing's syndrome (Bassett et al., 2005; Kiiveri et al., 2005) .
Similar expression pattern of GATA-4 and FOG-2 (in contrast to GATA-6) in adrenals of TG mice supports the role of the latter as an important regulator of GATA-4 transcriptional activity (Robert et al., 2002) . Furthermore, co-localization of FOG-2 and GATA-4 was found in adrenocortical neoplastic lesions of GDX or/and hCG-treated NU/J nude mice (Bielinska et al., 2005) . However, the role of FOG-2 in the normal adrenal cortex still remains open. It is not known whether FOG-2 represses or enhances GATA-4 mediated transcription in the adrenals, as contradictory results of its action exist in gonads, brain and heart (Lu et al., 1999; Svensson et al., 2000; Tevosian et al., 2000; Robert et al., 2002; Anttonen et al., 2003) .
Previous reports indicated that in GDX-induced subcapsular neoplasia (in susceptible strains CE, DBA/2J, and NU/J), A cells express GATA-4 and Anti-Müllerian Hormone (AMH) type 2 receptor (AMHR2), but none of the steroidogenic markers (Bielinska et al., 2003; Bielinska et al., 2005) . In turn, B cells express GATA-4, SF-1, LHCGR, inhibin a, AMH, ERa, CYP17A1, and CYP19A1 (Bielinska et al., 2003; Bielinska et al., 2005) . Immunohistochemical analysis of steroidogenic markers in the adrenals of intact and GDX TG mice confirmed that only B cells are steroidogenically active.
The non-steroidogenic character of A cells in the TG adrenals could be also related to the downregulated expression of GATA-6 and cellular origin of these cells. Based on its cellular distribution in murine and human adrenals, GATA-6 could be a key player in adrenocortical steroidogenesis (Kiiveri et al., 2002a; Kiiveri et al., 2005) . GATA-6 has been shown to act in synergy with SF-1 and other factors to enhance the transcription of many enzymes such as CYP11A1, CYP17A1, CYB5 (cytochrome b5), SULT2A1 (sulfotransferase) and HSD3B2 (3b-dydroxysteroid dehydrogenase) (Jimenez et al., 2003; Flück and Miller, 2004; Kiiveri et al., 2005) . Moreover, when non-steroidogenic cells were co-transfected with GATA-6 and SF-1, it was found that these two factors synergistically activated steroidogenesis (Jimenez et al., 2003) . Diminished or absent GATA-6 expression is mainly found in non-functional adrenocortical carcinomas in Conn and Cushing syndromes, but not in virilising carcinomas or normal adrenal cortex Vuorenoja et al., 2007) . On the basis of our present and other earlier studies (Looyenga and Hammer, 2006) , it seems that GATA-6 downregulation could be linked with the lack of steroidogenic activity of A cells, however, its co-expression with GATA-4 is required for the gonadal cellular identity.
The simultaneous upregulation and co-localization of GATA-4 and LHCGR has been shown in adrenocortical tumors of humans and mice (Bielinska et al., 2003; Feelders et al., 2003; Rahman et al., 2004; Vuorenoja et al., 2007) . However, it is not clear which one of these two genes is expressed first and whether there is a causal link between their expression and adrenocortical tumorigenesis. Our present study showed that GATA-4 overexpression was not able to induce LHCGR (for this, GDX was indispensable), although GATA-4 could induce adrenocortical neoplasia. Ectopic LHCGR expressing cells in adrenals responsive to chronically elevated serum LH levels in human may lead to ACTH-independent macronodular adrenocortical hyperplasia and Cushingoid symptoms (Lacroix et al., 1999; Feelders et al., 2003; Goodarzi et al., 2003; Miyamura et al., 2003) . In turn, in susceptible inbred mouse strains (e.g. DBA/2J and CE/J) or murine models for adrenocortical tumorigenesis, [inha/Tag, inh2/2 or inh2/2 mice crossbred with LH overexpressing mice (LH-CTP)], GDX triggered adrenocortical tumorigenesis (Bielinska et al., 2003; Mikola et al., 2003; Looyenga et al., 2004) . Aberrant LHCGR-expressing cells were reported to develop hyperplasia and Cushing syndrome features in a xenotransplantation model (Mazzuco et al., 2006) . However, our present and previous studies have shown that even GDX-induced chronically elevated serum LH, ectopic expression of LHCGR and lack of gonadal inhibin in C57BL/6 mice are not sufficient to induce adrenocortical neoplasia (Kero et al., 2000; Looyenga et al., 2004; Bernichtein et al., 2008) .
Taken together, our data showed that ectopically expressed GATA-4 in adrenal glands induced neoplastic A cells in the subcapsular region and modulated formation of neoplastic B cells in GDX TG mice. Chronically elevated serum LH levels, LHCGR and changes in Inhbb-Acvr2a-Acvr1c-Smad2/Smad3 expression in the GDX TG mice could be responsible for the transformation of stem/progenitor cells into B cells. A reciprocal relationship between GATA-4 and GATA-6 was found in the TG adrenals and neoplastic A cells. Moreover, ectopic expression of GATA-4 induced FOG-2 in neoplastic cells. Functional phenotypic characterization of the 21-OH-GATA-4 TG mice does not only explain the complex molecular mechanisms underlying the ectopic GATA-4 induced adrenocortical neoplasia and GATA-4 interactions with GATA-6, FOG-2, LHCGR, activin B and steroidogenic genes, but also makes this model a useful tool to study further the aberrations of adrenocortical growth and function.
Materials and Methods

Experimental animals
In order to direct the expression of GATA-4 to the adrenal cortex, the 6.4 kb murine 21-hydroxylase (21-OH, Cyp21a1) gene promoter was cloned in front of the murine 2.0 kb GATA-4 cDNA (Morley et al., 1996b) . A bicistronic IRESDsRed (Clonetech, Saint-Germain, France) was later cloned into the 21-OH-Gata4 plasmid by Red/ET recombination, as previously reported (Zhang et al., 2003; Rivero-Müller et al., 2007) . All modified areas were sequenced in order to ensure correctness. PCR amplification for recombineering was performed using the TripleMaster polymerase mix and buffers (Eppendorf, Horsholm, Denmark). The plasmid was propagated in bacteria by standard procedures and purified using a Maxiprep kit (Qiagen, Helsinki, Finland) , linearized, gel-purified and injected into pronuclei of fertilized mouse oocytes of the C57BL/6N strain using standard procedures.
Six transgene-positive (4 females and 2 males) out of fifteen founder mice (9 females and 6 males), genotyped from ear lobe biopsies, were mated with C57BL/ 6N mice to create the TG lines. Similar phenotype has been observed in two positive founder female lines. One of them named 21-OH-GATA-4 TG line, was selected for future characterization. Phenotype of positive founder males as well as males from any generation of two positive founder females was much weaker than in age-matched TG females. After weaning at the age of 21 days, mice were housed two to four per cage in a room of controlled light (12 h light and 12 h darkness) and temperature (2161˚C). Mice were fed with commercial chow SDS RM-3 (Whitham, Essex, UK) and tap water ad libitum, kept in a specific pathogenfree surrounding and routinely screened for common mouse pathogens. Prepubertal (between 21 and 25 days of life) gonadectomy was performed under isoflurane anesthesia (Baxter, Deerfield, IL, USA). Buprenorphine (ScheringPlough, Brussels, Belgium) was administered as postoperative analgesia. Blood samples were obtained at the time of autopsy. Dissected adrenals for Western blot and RT-PCR analysis were snap-frozen in liquid nitrogen, and stored at 280˚C. For immunohistochemical and histological staining, tissues were fixed in 4% paraformaldehyde. Ten intact and ten GDX TG mice per age group (intact: 2-, 4-and 6-month-old; GDX: 6-and 12-month-old) were used for the experiments. Agematched WT control littermates were used as controls (n56 per group). The Ethics Committee for animal experimentation of the University of Turku and the State Provincial Office of Southern Finland approved all animal experiments.
RT-PCR and Real Time RT-PCR
Total RNA was extracted from adrenals by NucleoSpin RNA/Protein Kit (Marcherey-Nagel, Düren, Germany). The quantity and quality of isolated RNA was determined by NanoDrop (Thermo Scientific, Wilmington, DE) and gel electrophoresis. Before the RT reaction, a constant amount of 1 mg of total RNA was treated with DNase I (Invitrogene, Carlsbad, CA). The RT reaction was performed with DyNAmo TM cDNA Synthesis Kit (Finnzymes, Espoo, Finland) at 37˚C for 1 h in 20 ml.
Expression of the 21-OH-Gata4 transgene and endogenous Gata4 was analysed by RT-PCR. Primers for the transgene (sense 59-AGATTCTCCAAGG-CTGATGG-39; antisense 59-GCCCTGCAGGTAGGACAG-39, 565 bp) targeted fragment of 21-OH promoter and cloned exon 2 of Gata4 sequence. For endogenous Gata4 expression primers were targeting exon 1 (full exon 1 and part of exon 2, as 59UTR of Gata4 were not cloned into the plasmid) and fragment of translated exon 2 of Gata4 (sense 59-GGTTTTCTGGGAAACTGGAG-39; antisense 59-CGGAGTGGGCACGTAGAC-39; 651 bp). The PCR conditions were as follows: 5 min at 95˚C, 1 min/50 s at 57/58˚C and 1 min at 72˚C for 37 cycles. Samples were then subjected to electrophoresis on a 1% agarose gel containing ethidium bromide.
Quantification of Gata4, Gata6, Fog2, Lhcgr, Inha, Inhab, Inhbb, Acvr1, Acvr1b, Acvr1c, Acvr2a and Acvr2b mRNA was performed with a Bio-Rad CFX96 real-time PCR detection system using DyNAmo SYBR Green qPCR kit (Finnzymes, Espoo, Finland) . Serial dilutions of the appropriate cDNA products were used as standard curves for DNA quantification. The cycling conditions were as follows: initial denaturation at 95˚C for 10 min, followed by 40 amplification cycles at 95˚C for 15 s, 54-60˚C at 15 s and 70˚C at 5 min. After each PCR reaction, melting curves were obtained by stepwise increases in the temperature from 60 to 95˚C to ensure single product amplification. Expression levels for investigated factors and receptors were normalized to the housekeeping gene peptidylprolyl isomerase A (Ppia). For qPCR analysis following primers were used (primer sequence, expected product sizes, annealing temperatures and EMBL/references, respectively): Gata4 -sense 59-GGGATTCAAACCAGAAAACG-39 and antisense 198 
Immunoblotting analysis
Total protein was extracted from whole snap-frozen adrenals with NucleoSpin RNA/Protein Kit (Marcherey-Nagel, Düren, Germany). The protein level was measured spectrophotometrically using Protein Quantification Assay (MarchereyNagel). Equal amounts (25 mg) of protein were separated using 10% SDS-PAGE gel, followed by transfer into Hybond-P PVDF Membranes (GE Healthcare, Uppsala, Sweden), blocking with 5% non-fat dry milk and immunoblotting with specific primary antibodies as follows: GATA-4 [sc-25310; Santa Cruz Biotechnology (sc), Inc., Santa Cruz, CA; 1:250], GATA-6 [ab32390, Abcam (ab) , Cambridge, UK, 1:600] and FOG-2 (sc-10755, 1:500). After incubation with secondary antibodies, immunoreactions were visualized by Amersham ECL Plus Western Blotting Detection System (GE Healthcare) and recorded with Fujifilm LAS-4000 chemiluminometer (Fujifilm, Tokyo, Japan). Dual Colour Precision Plus Protein Standards (Bio-Rad, Hercules, CA) were used as standards. The intensity of specific bands was quantified with the ImageJ 1.42q visual quantitative system (Wayne Rasband, National Institutes of Health, USA; htpp://rsb.info.nih.gov/ij) (Collins, 2007) .
Immunohistochemistry
Paraformaldehyde-fixed paraffin sections (5 mm) of intact, GDX 21-OH-GATA-4 and WT adrenal glands were deparaffinized, hydrated and boiled in 10 mM citric acid (pH 6.0) for 15 min for antigen retrieval. Endogenous peroxidase activity was blocked by incubating tissue sections in methanol with 3% H 2 O 2 for 5 min at room temperature (RT). Tissue sections were then incubated with blocking solutions [10% normal goat serum (NGS) with 3% BSA or only 3% BSA] PBS with 0.1% Triton X-100 for 1.5 h at RT in order to reduce non-specific background staining. Thereafter, sections were incubated overnight at 4˚C with the following primary antibodies for GATA-4 (sc-25310, 1:250), DsRed (RFP; ab34771, 1:100) Ki-67 (M7249, Dako, 1:500), GATA-6 (ab32390, 1:600), FOG-2 (sc-10755, 1:250), StAR (sc-25806, 1:500), SF-1 (sc-28740, 1:400), DAX-1 (ab60144, 1:400), CYP11A1a (Sigma, 1:300), CYP11B2 (LS-C6353; LifeSpan BioSciences, Inc.; 1:100), CYP21 (orb13362, Biobryt, 1:300), CYP17A1 (Proteintech Group, 1:400), CYP19A1 (Serotec, MCA2077S, 1:400), LHCGR (kindly provided by Dr Fazleabbas; 1:700), PKA R2 (ab32390, 1:500) and CREB (ab32096, 1:500). Primary antibodies were linked with the respective secondary IgG biotinconjugated secondary antibodies (Vector Laboratories Inc.) (GATA-4, GATA-6, FOG-2, DAX-1, SF-1) for 1 h at RT or with polymer (Dako) (DsRed, CYP21, Ki-67, StAR, CYP11A1a, CYP11B2, CYP17A1, CYP19A1, LHCGR, PKA R2 and CREB) for 30 min at room temperature. The avidin-biotin immunoperoxidase system was used (when biotin conjugated secondary antibodies were used) to visualize bound antibody (Vectastain Ellite ABC Kit, Vector Laboratories, Inc.) with 393-diaminobenzidine as a substrate (Sigma-Aldrich, St. Louis, MO). Finally, the sections were covered with DPX mounting medium (Park Scientific Ltd, Northampton, UK). Two types of controls were performed to determine the specificity of immunohistochemical staining: (1) the primary antibody was omitted during the immunostaining procedure; (2) the primary antibody was substituted with nonspecific IgG. Murine WT and LuRKO (LHCGR knockout mice) (Zhang et al., 2001 ) ovaries were used for the LHCGR antibody as additional positive and negative controls, respectively.
Quantification of cell proliferation
Ki-67-positive cells were counted on the entire surface of adrenal sections using cell counter (ImageJ). The number of Ki-67-positive cells was then expressed relative to section surface (expressed in pixels). Counting was performed separately on 4-6 individuals (three sections from each) for each group.
Hormone measurement
Serum levels of LH were measured by immunofluorometric assay (Delfia; PerkinElmer-Wallac, Turku, Finland) as described previously (Haavisto et al., 1993) . The approximate assay sensitivity for LH was 0.0075 mg/l. The intra-and interassay coefficients of variations for these assays were below 10%.
Statistical Analysis
Statistical analysis was carried out by one-way ANOVA with the post-hoc Bonferroni test and two-tailed Student's t-test using GraphPad PRISM v. 5.0 (GraphPad Software, Inc., San Diego, CA). All numerical data are presented as mean6s.e.m. The differences were considered to be significant at P,0.05.
